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[57] ABSTRACT _
A diagnostic system for an electrical generator winding

which has first and second passages for conduction of

cooling gas. The temperature of the gas exiting the
passages is determined and converted to a normalized
value which may be either high, low or normal. A diag-
nostic computer determines the existence of predeter-
mined combinations of high, low or normal for the two
readings and these predetermined combinations are
utilized by the computer which generates respective
confidence factors in the existence of certain abnormal
generator conditions such as open conductors, broken
or blocked cooling gas passages, and sensor malfunc-
tions, by way of example. |

14 Clﬁiins, 13 Drawing Figures
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GENERATOR STATOR WINDING DIAGNOSTIC
SYSTEM

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention in general relates to an on—-lme diagnos-
tic system for an electric generator, and particularly to
a generator of the gas-cooled variety.

2. Description of the Prior Art

Modern electric generators such as those driven by
steam turbines have the capacity to carry several thou-
sand amperes of current in their stator windings. Such
arrangement generates a tremendous amount of heat
due to the stator winding resistance as well as windage
losses and accordingly, a cooling system must be pro-
vided so as to prevent generator overheating which
may result from the heat production durmg normal

operation.
One type of cooling system utilizes a flow of cooling

gas, such as hydrogen, within the generator housing as
well as within the rotor and stator structures to remove
the produced heat. In one typical design, the generator
stator core, made up of a plurality of thin laminations,

has equally spaced longitudinal slots running the entire

length of the core. Each slot is deep enough to accom-
modate two separately wound coil sections one on top
of the other, each being known as a half coil, and cool-
Ing gas is passed through the coil sections themselves so
as to define a gas inner-cooled arrangement.

In one gas inner-cooled design, two separate stacks of
rectangular ventilation or vent tubes are positioned
within each half coil to accommodate the cooling gas.
A plurality of temperature sensors are provided to ob-
tain temperature readings of the gas exiting from the
vent tubes of selected half coils. Generally, for a multi-
phase machine, a pair of temperature sensors is utilized
for each phase group of windings.

The temperature sensor outputs are monitored such
that any abnormal reading or readings will indicate a
possible problem with respect to a coil or coils within a
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cooling gas which emerges from the two vent tubes of

‘a selective winding to be monitored.

A diagnostic computer means is responsive to the
temperature signals and i1s operable to generate corre-
sponding first and second normalized temperature in-
dicative signals and to determine whether these signals
fall outside of a normal range. In particular, the determi-
nation 1s made as to whether the normalized tempera-
ture signals are below, within or above normal range.

The computer means is additionally operable to gen-
erate indications of the existence of predetermined com-
binations of the normalized signals which are in and out
of the normal range to generate, In response to these
different combinations, indications of predetermined
possible abnormal conditions of the coil section being
monitored. Means are provided for communicating any
abnormal condition indication to an operator so that
corrective action may be taken, if necessary.

In a preferred embodiment, belief in the existence of
certain signal conditions and signal combinations is
propagated through determination of the confidence in
the existence of such conditions and the combinations
SO as to arrive at an abnormal condition indication hav-
ing a certain degree of confidence associated with it. In
this manner, if several abnormal conditions are indi-

cated, an operator may act on the most likely ones.

'BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a simplified sectional view of an electric
generator;

FIG. 2 is a sectional view illustrating two half coils
arranged 1n a slot of the stator of the generator;
FIG. 3 1s a view of the electrical joining of the ends

~ of two half coils, together with vent tubes and tempera-

35

ture detectors; |
FIG. 4 serves to 1llustrate the various phases of the.

- generator of FIG. 1 as well as the placement of temper-

40

phase group monitored by the sensors. Rather than -

- compare each raw temperature output, it is more conve-
nient to normalize the temperature readings. That is, a
correction factor is generated for each sensor output
reading for all particular load conditions of the genera-

45

tor such that for normal operation, each sensor output

signal will be converted to a normalized percentage of
average rise (PAR) signal equal to 100%. If the PAR
exceeds a certain threshold level, for example, 105%,

50

- then the operator is provided with an alarm signal indi-

cating a threshold has been exceeded.

Although this arrangement provides an operator with
an indication that a problem may be arising, the prob-
lem 1tself is not specified nor is the fact that one of the
temperature sensors themselves may be grossly in error.
The present invention provides for a greatly improved
diagnostic system for an electrical generator of the type

described, wherein particular malfunctions, including

sensor malfunctions, are specified to an operator so that
corrective action, if any, may be taken.

SUMMARY OF THE INVENTION

Diagnostic apparatus is provided for a generator of
the type described and includes a monitoring means for

53
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obtaining signals indicative of the temperature of the

ature detectors; |

FIG. 5 is an electrical winding dlagram illustrating
the generator windings; |

FIGS. 6A and 6B are block dlagrams lllustratmg the
obtaining of temperature readings and the transfer of
these readings to diagnostic apparatus;

FIGS. 7 and 8 illustrate nodal diagrams utilized to
explain one type of expert system which may be utilized
in the operation of the present invention;

FIGS. 9A and 9B serve to illustrate typlcal functions
which may be utilized in the expert system; and

FIGS. 10 (A & B) taken together are a flow diagram
illustrating operation of the present invention.

DESCRIPTION OF THE PREFERRED
'EMBODIMENT

Generator 10 of FIG. 1 includes a rotor 12 which is
surrounded by a stator 14 having a plurality of slots for
recelving the stator windings, or coils. A number of coil
sections, more particularly half coils 16 are simplisti-
cally illustrated, with each being electrically connected
to another half coil occupying a different slot of the
stator. |

Cooling gas such as hydrogen enters the vent tube

~system 20 assocrated with each coil section 16 at the

left-hand end of the sections, as presented in FIG. 1.
The cooling gas removes heat generated during opera-
tion and emerges from the vent tube system 20 at the
right-hand ends of the sections 16 from where it is
forced by an axial compressor blower arrangement 22
into heat exchangers 24. The heated gas is again cooled
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and provided via ducts 26, one of which is shown, to the
entrance of the vent tube system. Although not illus-
- trated, hydrogen gas flow, indicated by the arrows, is
also provided to passageways within the rotor 12 and
stator core 14. | 3

In addition to the utilization of a plurality of tempera-
ture detectors to be described, the present arrangement
includes two other sensors, a radio frequency monitor
(RFM) 30 as well as a generator condition monitor
(GCM) 32. Arcing, which is generally a symptom asso-
ciated with stator insulation or conductor failure can
cause extensive damage within the generator. The:small
gap that may occur between metal surfaces as a result of
the failure is the source of electrical arcing and measure-
ment of radio frequency emission from the arcs 1s de-
tectable by the RFM 30, the output signal of which may
be utilized as one input in a diagnostic process. This
sensor is 2 well-known commercially available item as 1s
the GCM 32 which basically contains an ion chamber to
- detect thermally produced particulates in the hydrogen
coolant of the generator, with the coolant being sup--
plied to the GCM by gas conduit 35 and returned o the
generator by means of gas conduit 36. High concentra-
tions of submicron particles are produced whenever
any organic material such as electrical insulation within
the generator is heated enough to begin thermal decom-
position. An output signal from the GCM indicative of
this fact may also be utilized as another input in the
diagnostic system.: 10

FIG. 2 illustrates two coil sections, a bottom half coil
40 and a top half coil 41 positioned within a slot 42 of
the stator core 14. Each of the coils includes a plurality
of insulated electrical conductors 44, also known as
strands. The strands of each half coil are additionally
surrounded by respective insulating layers 48 and 49
separated by spacing member 50, with the windings
being held in position within the slot by means of a
wedge 54 and ripple spring 35..

Strands 44 are disposed on either side of vent tube
stacks which conduct hydrogen gas for cooling the coil
sections. The bottom half coil 40 includes two vent tube
stacks 60 and 61 each made up of a plurality of rectan-
gular vent tubes 62. In a similar fashion, the top balf coil

10
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40

41 includes vent tube stacks 64 and 65 also being made 45

up of a plurality of rectangular vent tubes 62.

~ FIG. 3 illustrates two coil sections in the form of half
coils 70 and 71'located at the hydrogen discharge end of

the stator. The strands of half coil 70 are brought out in

respective conductor groups 74 and are electrically 50

connected to conductor groups 75 of half coil 71 by
means of soldered sleeve connectors 76.

In the prior art arrangeinent, as well as in the present
invention, the hydrogen discharge from only one-half |

coil of each phase group is monitored. As illustrated in 55

FIG. 3, this is accomplished by plugging up the end of
one rectangular vent tube 807 of a right vent tube stack
82r and diverting the flow, via aperture 83, into a first .
chamber 84r and then to.a second chamber 85r by
means:of a gas conduit, also known as a hose, 86r. 60

Disposed within chamber 857 is a temperature sensing
device 90r, and in one embodiment takes the form of a
resistance-temperature-detector (RTD), a well-known
type of detector which changes its resistance as a func-. .
tion of the temperature of the cooling gas passing over. 65
it. The gas exits from the second chamber 85r and enters -
the internal ambient atmosphere of the generator to be
cooled and recirculated.

25

35

4
An identical arrangement is provided for the left vent
tube stack and the identical components have been

given the same reference numeral as those on the right
side, however, with the letter designation 1.. |

FIG. 4 is a simplified diagram of the stator windings
for a three-phase machine as seen at the ends of the coil
sections . (illustrated as small squares). For the three-

‘phase machine, there are six phase groups ¢A, ¢A’; B,

$B’; and ¢C, ¢C'. RTD’s 1 and 2 monitor a single half
coil of phase group ¢A, RTD’s 3 and 4 monitor a single -
half coil of phase group ¢B, RTD’s 5 and 6 momtor

phase group dC, RTD’s 7 and 8 monitor phase A’
group ¢A’', RTD’s 9 and 10 monitor phase group ¢B’
group and RTD’s 11 and 12 monitor phase group ¢C'.

The electrical equivalent of a typlcal generator winding
with the six phase groups is illustrated in FIG. 5
wherein each of the six phase groups has twelve indi-
vidual windings, each bemg constttuted by a half coﬂ -

section.-

FIGS.: 6A and 6B illustrate two methods by which
the RTD data is provided to a diagnostic computer so
that incipient malfunctions may be detected. In FIG.
6A, RTD’s 1 to 12 are internal to the generator, as n-
FIG. 3, and leads from these detectors are brought out

and connected to a terminal board 100. The respective .

terminals are connected to a scanning and conversion
circuit 102 which periodically scans each resistance and
converts it to a corresponding temperature indication
T; to Ti2. These temperature indications are outputted
to a local data center 164 which periodically gathers not
only the temperature indications but other sensor inputs
from the plant including the RFM & GCM outputs. In
this respect, the RTD may be considered as the detec-
tion portion of a temperature sensor which would n-

-clude a portmn of the electronics in the scanmng and
conversion circuitry 102.

In the embodiment of FIG. 6A, the data center 104 is
operable periodically to transmit its gathered informa-
tion to a remote location at which is located a diagnostic
computer: 106 operable to perform the necessary diag- -
nostic operations so as to provide information relative
to possible impending abnormal conditions to display
apparatus 108, which may be a single display or various
combinations including readouts such as printed infor-

mation, color graphics, interactive color graphics, etc.

FIG. 6B is similar to FIG. 6A except that the diag-
nostic computer 106 is at the same plant location as.the
generator which is being monitored..

The diagnostic computer 106 in a preferred embodi-
ment controls the diagnostic process by implementation
of an expert system computer program that uses knowl-
edge representations and inference procedures to reach.
conclusions normally determined by a human expert. A
common form of knowledge representation is in the
form of IF ... THEN rules and one such system which .
may be utilized in the practice of the present invention
is PDS (Process Diagnosis System) described in the
proceedings of the Eighth International Jomnt Confer-

ence .on Artificial . Intelligence, - August 8-12, 1983,
pages 158-163. Basically, in that system (as well as other

expert systems) for each rule there is an antecedent or
evidence (the IF portion) as well as a consequent or
hypothesis (the THEN portion) which can become
evidence for other rules. As depicted in FIG. 7, evi-:

dence 120 is linked to the consequent hypothesis 122 by

means of rule 124, with the evidence and hypothesis
constituting nodes:of the system. Numberal 126 repre-.
sents a supporting rule of node 120, that is, a rule for
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which node 120 would be a hypothesis. Rule 124 1s a
supported rule of node 120, that is, a rule for which
node 120 is evidence. Likewise, rule 124 1s a supporting
rule for node 122. In the system, by way of example,
nodes can take the form of evidence, hypothesis, mal-
functions, sensors and storage-nodes which are nodes
capable of storing values input from other nodes and
performing some predetermined mathematical opera-
tion on the values. In the figures, hypothesis (or evi-
dence) nodes are octagonal, abnormal conditions are
presented in a malfunction node and are illustrated as
rectangles, sensor nodes are circular and storage nodes
are trapezoidal.

Associated with each node 1s a measure of belief, MB,

that the node (hypothesis) ts true, as well as a measure of 15 '
disbelief, MDD, which is a measure of belief that the

hypothesis is not true. Both factors range on a scale
from O to 1 and the difference between them,
MB — MD yields a certainty or confidence factor CF
which ranges from —1 to + 1, where positive numbers
represent confidence that the hypothesis is true and
negative numbers represent the belief that the hypothe-
sis is not true; numbers in the vicinity of O represent
- uncertainty. -

An expert (or experts) in the field to which the diag-

nosis pertains establishes the various rules and relation-

ships, which are stored in the computer’s memory and
utilized in the diagnostic process. The expert’s belief in
the sufficiency of the rule is also utilized. This belief,
which represents the expert’s opinion as to how the
presence of evidence proves the hypothesis, is given a
numerical representation designated as a sufficiency
factor, SF, which ranges from —1 to + 1, where posi-
tive values of SF denote that the presence of the evi-
dence suggests that the hypothesis 1s true and negative
values denote that the presence of the evidence suggests
that the hypothesis is not true.

- PDS additionally uttlizes the expert’s belief in the
necessity of the rule, which illustrates to what degree
the presence of the evidence i1s necessary for the hy-
pothesis to be true. This necessity belief is given a nu-
meral representation designated as a necessity factor
NF which ranges from —1 to +1, where positive val-
ues of NF denote that the absence of evidence suggests
that the hypothests is not true and negative values de-
note that the absence of the evidence suggests that the
hypothesis is true. |

FIG. 8 illustrates another common arrangement
wherein a plurality of rules 128 to 130 connect evidence
nodes 132 to 135 to a malfunction node 138. Element
140 represents the combining of evidence in (a) a dis-
junctive manner, that is, if evidence 134 OR 135 is pres-
. ent, or {(b) in a conjunctive manner, that is, if ev1dence
134 AND 135 are present.

Belief leading to a consequent ‘malfunction in the
system being diagnosed is propagated from evidence to

hypothesis in repetitive cycles, at the beginning of

which the CF, MB and MD values of each node are
reset to zero (except for a sensor node where the MB
and accordingly the CF 1s assumed to be +1).

If the CF of the evidence is positive, then the rule’s

sufficiency is utilized to propagate belief, whereas if the
CF of the evidence is negative the rule’s necessity is
utilized; if CF is zero, nothing is done.

Baswal]y, if the evidence CF 1s p051t1ve and the SF 1S

pOSltIVe, then the MB of the hypothesis i1s increased; if

the SF 1s negative, then the MD of the hypothems 1S
increased. |
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. the CF may be obtained by subtracting the maximum
MD from the minimum MB. Alternatively, weighted

6

Conversely, if the evidence CF is negative, and the
NF positive, then the MD of the hypothesis 1s in-
creased, and iIf the NF is negative, the MB of the hy-
pothesis is increased. By way of example, for the single
rule case of FIG. 7, if MB and MD are the belief and
disbelief in the rule’s hypothesis, CF the confidence in
the rule’s evidence, and SF and NF are the rule’s suffi-
ciency and necessity, then: |

if CF > 0 and SF > 0 (1)
MB = CF X SF
MD is not changed

if CF > 0and SF < 0: (2)

MD = CF X (—sﬁ) .

MB is not changed

if CF < 0and NF > 0: (3)

MD = (—-CF) X NF
- MB is not changed

if CF < Qand NF < O @

MB = CF X NF

MD is not changed

For the multiple rule case of FIG. 8, final values are
obtained by examining each rule in sequence and per-
forming the calculations for each rule in accordance
with the following, where MB,;; and MDyjs are the
belief and disbelief in the rule’s hypothesis (malfunc-
tion) before each calculation, CF the confidence in the
rule’s evidence, SF and NF are the rule’s sufficiency

and necessity and MByey and MD,,. are the belief and B

disbelief in the rule’s hypothesm (malfunctlon) after
each calculation: : .

if CF>0and SF> 0: (5)
MByey = MB,:,;Q + (1 — MBoig) X CF X SF
MDyew= MDola .
if CF > 0and SF < 0: (6)
MDyew = MDyig + (| — MDyig) X CF X (—SF)
MByew = MBig '
1fC‘F<UandNF>U (7)-'
MDiew = MDoid + (1 — MDyig) X ( -CF) X NF '
MBrew = MBoig '
| ifCF{OandNF*{Ue - | .(B).
MBHEH,. = MBpig + (1 — 'Mﬁﬂ;d)' X CF X NF

MDﬁew = MDyj4
For a disjunctive logical node (OR function) the

highest confidence factor of all of the pieces of evidence
may be utilized or the CF may be obtained by subtract-

ing the minimum MD from the maximum MB. If the

logical node is conjunctive (AND function) the mini- - '
mum of all of the confidence factors may be utilized or



4,698,756

7

averages may be utilized for the OR and AND func-

tions.
The AND and ORifunctions are not dlgltal (ONE or

- ZERO) in nature and the logic utilized is known as

fuzzy logic. Accordingly as utilized herein fuzzy logic
AND and OR functions are designated FAND and
FOR ' respectively. whereas weighted AND and OR

functions are designated WAND and WOR respec-

tively.

Thus, by utilizing the appropriate previous equations,
a measure of belief and/or disbelief is calculated for a
hypothesis and from these values a confidence factor in
the hypothesis 'is calculated from the relationship

CF=MB-MD.

A rule’s sufficiency (SF) or necessity (NF) may in

many instances be expressed as a constant. In other
 instances, the sufficiency and/or necessity may be ex-
pressed as some: other function which will generate a
sufficiency -or necessity factor of a fixed number by
evaluating the function for a particular variable. A com-
mon function :which may be utilized is a piece-wise
linear function, two examples of which are illustrated in
FIGS. 9A and 9B. The Y-axis in these figures represent

the SF (or NF) ranging from —1 to +1 on the vertical

 scale. The X-axis horizontal scale represents the value

10

15

20

25

of some variable such as a sensor reading or the result of

some mathematical operation, by way of example. In
FIG. 9A, if the variable has a value between 0 and a, or
is greater than f, it will generate an SF of —1 whereas
if the value is between ¢ and d, it will generate an SF of
+1. Values between .a and ¢ or d and { will generate
- corresponding SF’s between —1 and + 1.

FIG. 9B represents a piece-wise linear function
wherein any variable value greater than b will generate

an SF of + 1, any variable value less than —b will gen-

~ erate an SF of —1 and values between —b and +b will
generate a corresponding SF between —1 and + 1.
Another type of useful rule is a reading-transform

rule which, when carried out, applies a transform func-

30

35

8
herein, it being understood that other:temperature rep-
resentative values could be used, if desired.

Sensor nodes 150 and 152 are at the first level of
dlagnosm for the particular subsystem of FIG. 10 and
receive respective normalized PAR values associated
with the right and left sensors as in FIG. 3 and calcu-
lated, for example, by the diagnostic computer: 106 or
other means (FIG. 6A or 6B). Sensor node 150 supports
rule 154 which utilizes a predetermined function to map .
the PAR-r value into a confidence factor that the value
is higher than a normal range, as depicted at node 156.
The PAR-r value:is also tested by rule 158 to map the
value into a confidence factor that the value is in fact
lower than a normal range, as depicted at node: 160.

A similar process is performed on the PAR-1 reading S

of node 152 to determine by rules 162 and 164 whether
the value is high or low as depicted at respective nodes
166 and 168. |

Normally, in the absence of any sensor abnormality,
confidence in a high PAR-r reading would be propa-
gated unaltered by rule 170 to a validated high node 172
and confidence in a low PAR-r reading would be prop-
agated unaliered by rule 174 to a valdated low node
176. In the presence of an RTD abnormality, however,
the confidence in the high and low readings must be
reduced and one way of accomplishing this reduction is
by a technique utilized in copending application Ser.
No. 636,195, filed July 31, 1984, and described in detail
and claimed in copending application Ser. No. 636,196,
filed on that same date. |

Basically, the modification of the conﬁdence- 1S ac-
complished. by a paralt (parametric . alteration) rule
which is operable to change the sufficiency function
and/or necessity function of another rule. If the particu-
lar RTD. which is utilized to obtain the PAR-r value 1s

 defective, as indicated by malfunction node 180, then

40

tion to the value found in the. rule’s evidence node. If

the evidence node is a sensor, the value is a sensor read-

ing, with appropriate conversion, scaling, etc., per-
formed by the transform if needed.. |
FIGS. 10A and 10B are a nodal diagram or flow

chart illustrating the diagnostic process of ‘the present
invention for arriving at various generator abnormal

conditions based upon RTD readings and implemented

in accordance with the expert system previously de-

scribed. The process is illustrated as being applied to
two RTD sensors, a right one (r) and a left one (1) of any
phase group and it is understood that the diagnostic
process of FIG. 10 is repeated for all sensor pairs of the
phase groups. The arrangement may represent one sub-
system of a more comprehenswe generator diagnostic

45

50

system which examines: generator components, other -
than the windings. Although only one sensor pair per.

phase group is illustrated, a sensor pair: could be pro-

vided for other selected, or even all, of the coil sections.
60

As previously mentioned, the PAR value is a normal-
ized value and is commonly obtained by adding a cor-
rection factor (to compensate for slight differences: be-

tween detectors) to a raw temperature reading, dividing

by the average temperature of all detectors and multi-
plying by 100. Thus if a compensated temperature read-

ing is equal to the average, for a particular load level,
the PAR wvalue will be 100% instead of a temperature

65

value. : The PAR value is utilized by way of example

paralt rule 182 will change the sufficiency of rules 170
and 174 to modify the propagation of belief in a high
and low PAR value. In the absence of a defective RTD,
the sufficiency of these rules, 170 and 174 remains unal-
tered so as to establish a validated high and low reading
as depicted at nodes 172 and 176.

If the sensor electronics should slowly drift, a tem-
perature indication provides thereby would be in error, |
but within a known range of operation. If however an
RTD should suddenly degrade such as by opening, then
its resulting temperature indication would be well out of
the known range. One way of testing for a defective
RTD to arrive atan abnormality as depicted at malfunc-

tion node 180 therefore is by testing the RTD tempera-

ture Tr, placed into a sensor node 184, to see whether 1t
exceeds. valid Operational limits. A piece-wise linear
rule 186 is utilized in arriving at a defective RTD deter-

‘mination from the temperature reading.
35

In a similar fashion, belief in a high or low PAR-1
value is propagated by rules 190 and 192 to respective
validated high and low nodes 194 and 196.  As previ-
ously explained, this propagation may be modified by
changing the sufficiency of rules 190-and 192 by means
of a paralt rule 198 operational to make the change
when a defective RTD, utilized in calculating the
PAR-1 value is determined, by defective RTD node
200. This defective condition in turn is determined uti-
lizing the value of the RTD temperature T of sensor

node 202 in conjunction with a piece-wise linear rule

204.
- If a PAR value is neither high nor low, then 1t must
be normal. The existence of a normal reading is utilized
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in the diagnostic process illustrated in FIG. 10 and the
determination of a normal reading may be accom-
plished utilizing validated high and low readings. For
example, a FAND logic function 210 is illustrated hav-
ing two inputs negated by not elements 212 and 213. A
normal reading may be arrived at, as indicated by node
216 by means of rule 218. In other words, the belief that
PAR-r is normal is determined from the evidence that
the reading is not high as well as not low. Similarly, rule
220, 1n conjunction with FAND 222 and not functions
224 and 225 utilizes the evidence that PAR-1 1s not high

10

as well as not low to arrive at the determination of

normalcy as indicated by node 226.

Thus having obtained validated hypotheses relative
to the high, low or normal values of both the right and
left PAR’s, the diagnostic apparatus then utilizes a plu-
rality of rules, 230 to 234, including a series of logic
functions 236 (each appropriately marked as to its fun-
tion) to determine the confidence factors of various
combinations of the readings.

For example, rule 230 adds together the beliefs that
each of the two PAR’s are high, this conclusion being
tllustrated as the high/high node 250. Rule 231 adds
together the beliefs that both of the PAR’s are low as
depicted at the low/low node 251.

If one of the PAR’s is high and the other is low, rule
232 will map this belief into a high/low conclusion of
node 252. In a similar fashion, rule 233 is utilized for the
determination of a high/normal condition, depicted at
node 253 while rule 234 is utilized for a low/normal
condition as depicted at node 254. It is to be noted that
these latter three conditions 252, 253 and 254 do not
have to specify which of the readings, left or right, is
high or low or normal but only that the particular com-
bination exists. | |

The different combinations presented at nodes 250 to -

254 are utilized to arrive at some conclusion relative to
the overall health of the generator phase group being
monitored. A variety of abnormal conditions may occur
during the operation of the generator and the diagnostic
apparatus of the present invention will determine
whether or not a particular condition is occurring and
present 1ts conclusion, with a certain degree of confi-
dence, to the operator so that corrective action may be
~ taken if necessary.

FIG. 10 illustrates by way of example and not by way
of limitation, several abnormal conditions which may be
diagnosed by the apparatus utilizing the combinatorial
readings depicted at nodes 250 to 254.

During on-line operation of the generator, there ex-
ists the possibility that one or more current carrying
conductors may open. Rule 260 therefore is provided
leading to the conclusion of an open conductor abnor-
mality as depicted at malfunction node 262. The rule
utilizes a weighted OR function 264 to take into account
various types or patterns of conductor breakage. For
example, and with additional reference to FIG. 3, if an
entire conductor group should open or become sepa-
rated from a soldered sleeve connector, the remaining

conductor groups will pick up and carry the open con-
ductor group’s current. Since the remaining conductor

groups are carrying more current than under normal
conditions, more heat is generated because of the I2R
losses, resuiting in higher than normal PAR values for

both the right and left sensors. This type of breakage is
a distinct possibility and accordingly the high/high
indication of node 250 is given the high weighting fac-

tor of 1 in the weighted OR function 264.
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If just several conductor strands of a group should
open in the half coil being monitored, then the current
distribution will be such that the cooling gas passing
through the vent tube stack on the side of the half coil
having the open strands will heat up slightly while the
cooling gas passing through the other vent tube stack
will be relatively unaffected. The result of the strand
breakage accordingly is that one PAR will be high
while the other will be normal and this combination, at
node 253, 1s given a relatively high weighting factor of
0.9 in the weighted OR function 264.

Another possibility which may occur is one which

- results in all of the conductor groups surrounding a

particular vent tube stack being open circuited such that
all of the current would be carried by the remaining
conductor groups surrounding the other vent tube
stack. The cooling gas passing through this latter vent
tube stack will result in a high PAR reading while the
other PAR reading will be low since the conductors
surrounding the vent tube stack are not carrying cur-
rent and accordingly, the cooling gas does not heat up.
The chance of this latter condition, however, is not as
prevalent as the other types of conductor open circuit-
ing and accordingly is given a relatively lower weight
of, for example, 0.5 in the weight OR function 264.

If a conductor is open, chances are likely that arcing
will be produced at the discontinuity. In addition, since
the coils may be heating up, detectable particulate mat-
ter may be generated. Accordingly, these two factors
are utilized in the determination of an open conductor
abnormality. Rule 266 relates the open conductor ab-
normality to a high RFM reading depicted at rule 267,

- while node 268 relates the open conductor abnormality

to a low GCM reading depicted at node 269. Belief in a

high RFM reading and a low GCM reading (both of
which indicate abnormal conditions), of nodes 267 and

269 may be established in a separate subsystem which .

validates the RFM and GCM readings. Hypotheses
generated in another subsystem are shown in FIG. 10 in
dotted form. | |

Again with additional reference to FIG. 3, if for some
reason, both of the hoses in the coils where 86r and 86/

- are found should break, the heated cooling gases would

not be conducted to the respective RTD’s 90r and 90/
In such situation, the RTD’s would be reading the tem-
perature of the ambient environment which, for high
load conditions, would be cooler than the gas emanat-
ing from the vent tube stacks. This abnormal condition
1s depicted at node 272 and is identified by both PAR
values being low, as at node 251, coupled with the fact

‘that the incident i1s not occurring at the time that the

generator is reaching a high load for the first time after
it has been entered during a shutdown. This is depicted
by rule 274 which utilizes the FAND function 276. The
input relating to the first time to high load after entry
into the generator is provided at node 278, the fact
being negated by not function 280. That is, if it is the
first time to high load after entry, the presence of a
low/low could indicate a different abnormal condition
whereas if the generator has been running for some time
at high load and a low/low condition should occur, it is
probably the fact that both hoses experienced a rupture.
The conclusion that the system does have two broken
hoses can only be made with a high degree of confi-
dence if the system is operating at high loads for which

the ambient temperature is relatively cool, to resultina

low/low reading for the two PAR values. If the system

18 not operating at high load, the belief in the particular
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abnormal condition may be substantially eliminated by
simply changing the sufficiency and necessity of rule
274 by means of respective paralt rules 282 and 283. In
order to generate these paralt rules, use may be made of
two sensors; normally provided with the generator >
equipment, one sensor being a megawatt (MW) sensor
and the other being a reactive megavolt ampere
(MV AR) sensor. These readings are placed into respec-
tive sensor nodes 286 and 287 hinked by respective rules
288 and 289 to storage node 290 which functions to 10
compute an actual load indication |

mva, = N (MW)? + (MVAR?

and compare it to the rated MVA, to arrive at a load
level indication. If the load level indication is, by way of -
example, less than 60%, paralt rules 282 and 283 will
function to decrease the sufficiency and necessity values
of rule 274. If the load level is greater than 60%, indica-
tive of a high load, then nothing is done to change the
- sufficiency and necessity of rule 274.

- Another abnormal condition is depicted at node 294
- and describes the situation where only one of the two 55
hoses are broken. In such situation, 2 normal PAR value
will be provided by one RTD while the other RTD will.

- be reading the lower temperature of the ambient atmo--
sphere to derive a low PAR value, as indicated at node
254 linked to the malfunction node by means of rule 5,
~ 296. 'As was the case with respect to rule 274, paralt
rules 282 and 283 will change the sufficiency and neces-
sity of rule 296 should the load level not be at its high
value. -

Ifa hose- should break at.the same time that a conduc- 35
tor breaks, then one RTD measurement will result in a
low PAR wvalue (at high loads) while the other RTD
measurement will result in a high PAR value. This
- situation is depicted by rule 298 linking the high/low

15

20

combination of node 252 to the one broken hose condi- 4g

tion at 294. It is believed that the combination of one
broken hose with a broken conductor is not very likely
and accordingly, the sufficiency and necessity of rule
298 will have low. values which will be reduced even

furthr by operation of paralt rules 282 and 283. 45

During the: initial assembly of the generator, or dur--
ing its refurberation, masking tape is often put on the
ends of the vent tubes to prevent entry of paint and/or
debris. If the tape is accidentally left in place covering
- the vent tubes of the coil being monitored, then, when 59
the generator attains high load for the first time after
assembly or refurberation, the RTI>s will be sensing
the relatively low ambient temperature, resulting in two
low PAR values. This abnormal condition of a fully-
blocked vent is depicted at node 300 and 1s supported by 55
rule 302 which utilizes a FAND function 304 on the
low/low indication of node 251 and the first time to
high load after entry indication from node 278. This
scenario presupposes a blockage at the inlet end of the

vent tubes. Any masking tape on the outlet end which 60

might prevent gas flow would, to a high degree of cer-
tainty, be removed by the gas flow pressure differential.
In a fully blocked condition, the coil would heat up
thereby causing particulate matter which 1s detectable
by the GCM. Accordingly, the fully blocked vent ab- 65
normal condition is additionally supported by rule 306
which increases confidence in a fully blocked vent due
to a low GCM reading of node 269.

12

The abnormal condition of node: 310 takes into ac-
count the situation where the vent tubes may not be .

totally blocked but only partially blocked. This condi-

tion can occur not only during assembly or refurbera-

tion, but during actual on-line operation of the genera-

tor where parts and/or material may work loose and .
partially block the vent tubes. Rule 312, utilizing a FOR

function 314 takes.into account various combinations of
PAR values which may be caused by different patterns
of partial blockage. For example, both right and left

vent tube stacks may. be partially blocked whereby the
flow of cooling gas is restricted. This restricted gas flow
causes the cooling gas to heat up. resulting in a high
PAR value for both the left and right sides. Accord-
ingly, the high/high indication of node: 250 is one com-
bination which is taken into-account. |

If one side should additionally have a total blockage :
of the individual vent tube connected to the hose, then
the RTD for that side will register low since it will be
reading the cool ambient while the other RTD will be
reading a high temperature resultmg in ‘a high/low

“indication of node 252.

The third consideration of rule 312 is the high/nor-
mal situation of node 253 whereby some of the tubes of

one vent tube stack are partially blocked resulting in a .

high PAR value while the other vent tube stack has an
insignificant blockage which may: cause a shghtly
higher PAR reading for that side but still within a nor-
mal range.. '

Included in the FOR function consideration :is the

belief in a low/low PAR value of node 251, a situation -

which may be caused by partial blockage of both vent
tube stacks with a total blockage of the individual tube -
leading to the RTD for both the left and right vent tube :
stacks.

In any condition of :a partial block, overheating .
would cause particulation such that the abnormal con-
dition defined at node 310 is supported by a low GCM
reading, 269 linked by rule 316.

The last abnormal condition depicted in the examples
of FIG. 10 is that of node 320 which defines a sensor -
malfunction. In this respect, a sensor is defined as the
apparatus which is utilized to obtain a temperature read-
ing.. In FIG. 6A or 6B, the sensor would include not
only the RTD but the associated scanning and conver-
sion circuitry for calculating the respective tempera-
tures from the RTD resistances. .

If a high belief in a low/normal indication (node 254)
should occur while the generator i1s. Operating at high
load, in all probability, the combination is due to a single
broken hose. If, however, the generator is not operating |
at high loads, then there would be no logical reason for
the low/normal combination to exist and accordingly,
the fault probably lies with one: or both of the sensors.

- This correlation is established by rule 322 which has its

sufficiency and necessity increased by paralt rules 324
and 325 if the result of the operation of storage node 290
results in a load level less than 60%. If the load levelin -
fact is high, that is, greater than 60%, the sufficiency
and necessity of rule 322 will remain low.

A higher belief in the low/low. combination of node
251 can, at high loads, be indicative of two broken hoses -
or a fully blocked vent. At low. loads, however, the
ambient temperature is not low and therefore, the low/-
low indication may be indicative of a sensor malfunc-
tion, with this relationship being defined by rule 328, the
sufficiency and necessity of which will be increased, as
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rule 322, by paralt rules 324 and 325 when the load 1S
low.

The final rule in the example, rule 330, relates a
high/low indication to a sensor malfunction. As previ-
ously described, a high/low indication could possibly 3
be 1indicative of an open conductor malfunction, how-
ever, this possibility was given relatively little weight.
Similarly, the high/low combination could be one bro-
ken hose, in combination with an open ‘conductor, the
situation which, although accounted for,.is not highly
likely. Accordingly, a third possibility for a high/low
combination would be a malfunctioning sensor.

Of course, the possibility of a sensor malfunction can
exist with any combination including a normal/normal
combination; the three examples presented in FIG. 10
are considered the most likely. |

If a sensor malfunction is indicated, it can be checked
with relative ease by manually taking resistance read-
ings of the RTD’s at the terminal board 100. At this 20
point, it is assumed that the RTD’s are not inoperative
since such condition would have shown up earlier at
nodes 180 or 200. The resistance values may then be
converted to respective equivalent voltages corre-
sponding to the temperatures measured by the RTD’s. 55
These tempeature indicative voltages are input to the
computer which then calculates the respective PAR
values. If the high belief in the combination triggering
the sensor malfunction indication, disappears as a result
of the manual inputting of temperatures, then it is 30
known that in actuality, there is a sensor malfunction
for which corrective action may be taken by the opera-
tor. |
-~ What is claimed 1is:

1. Diagnostic apparatus for diagnosing the winding 35
system of an electrical generator having a plurality of
coil sections with internal first and second vent tube
stacks through whlch a cooling gas is passed, comprls-
ing:

(A) monitoring means for monitoring the tempera- 40
ture of cooling gas emerging from said first and

second vent tube stacks of selected ones of said coil
sections and operable to provide corresponding
first and second temperature indicative signals;

(B) diagnostic computer means being responsive to
said first and second temperature indicative signals
and operable to generate therefrom corresponding
first and second normalized temperature indicative

- signals and to determine whether said normalized
temperature signals fall within or outside of a nor-
mal range;

(C) said diagnostic computer means being addition-
ally operable to generate indications of the exis-
tence of predetermined combinations of said nor- 55
malized signals in and out of said range;

(D) said diagnostic computer means being responsive
to said existence of said predetermined combina-
tions to generate therefrom indications of predeter-

10
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mined possible abnormal conditions of said C(}ll 60

section being monitored; and |

(E) means for communicating said abnormal condl-
‘tion indications to an operator. | |

2. Apparatus according to claim 1 wherein:

(A) said  first and second normalized temperature 65
signals may be either high, low or normal, depend-
ing upon whether they are higher than, lower than

- or within, said normal range; and

45
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(B) said predetermined combinations include a high-
/high, a low/low, a high/ low, a high/normal and a

- low/normal combination. |

3. Apparatus according to claim 1 wherem

(A) said winding system includes a plurality of phase
winding groups; and wherein

- (B) a said monttoring means is provided for each said
phase winding group.

4. Apparatus according to claim 3 wherein:

(A) satd monitoring means is provided for only one
coil section of each said phase winding group.

3. Apparatus according to claim 1 which includes:

~ (A) a radio frequency monitor for detecting the exis-
tence of electrical arcing within said winding sys-
tem and to provide a corresponding output signal
indicative thereof; |

(B) a generator condition monitor for detectmg the
existence of particulate matter in said cooling gas
produced by overheating of said winding system
and to prowde a corresponding output signal indic- -
ative thereof;

(C) said diagnostic computer means being addition-
ally responsive to said radio frequency monitor and

- generator condition monitor output signals as well
as sald predetermined combinations, to generate
indications of particular ones of said predetermined
abnormal conditions. - -

6. Apparatus according to claim 1 whlch includes:

(A) means for determining the 0perat1n g load level of
said generator;

(B) said diagnostic computer means being addition-
ally responsive to said operating load level, as well
as said predetermined combinations to generate
indications of particular ones of said predetermined
abnormal conditions.

7. Apparatus according to claim 1 wherein:

(A) one of said predetermined abnormal conditions
indicates an open electrical conductor within said
winding system. |

8. Apparatus according to claim 1 wherein:

(A) said monitoring means includes first and second
temperature detectors; and which includes

(B) first and second gas conduits for respectively
conducting said emerging cooling gas from said

- first and second vent tube stacks to said first and

~ second detectors; and wherein |

{(C) one of said predetermined abnormal conditions
indicates a broken one of said gas conduits.

9. Apparatus according to claim 8 wherein:

(A) one of said predetermined abnormal conditions
indicates a break in both of said gas conduits.

- 10. Apparatus according to claim 1 wherein:

(A) one of said predetermined abnormal conditions

- indicates a complete blockage of said first and sec-
ond vent tube stacks.

11. Apparatus according to claim 1 wherein:

(A) one of said predetermined abnormal conditions
indicates a partial blockage of sald first and/ or
second vent tube stacks.

12. Apparatus according to claim 1 wherein: |

(A) one of said predetermined abnormal conditions
indicates a malfunction in said monitoring means.

13. Diagnostic apparatus for diagnosing the winding

system of an electrical generator having a plurality of
cotl sections with internal first and second vent tube
stacks through which a cooling gas is passed, compris-

Ing:
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(A) monitoring means for monitoring the tempera-

ture of cooling gas emerging from said first and

second vent tube stacks of selected ones of said coil

sections and operable to provide corresponding
first and second temperature indicative mgnals

(B) diagnostic computer means being responsive to
said first and second temperature indicative signals -

and operable to generate therefrom corresponding
first and second normallzed temperature indicative
signals; |

(C) said diagnostic computer means being further
operable to test said normalized signals to see if
they fall below, within or above a normal range
and to generate respective confidence factors in the
existence of a said signal being below, within or
above said normal range;

(D) said diagnostic computer means being responsive

to said confidence factors and operable to gener-

ated respective confidence factors in the existence
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- of various predetermined combinations of said sig-
nals below, within or above said normal range;
(E) said diagnostic computer means being responsive
 to said confidence factors in the existence of said .
predetermined combinations to generate respective
confidence factors in the existence of predeter-
mined abnormal conditions as a function of the .
existence of various ones of said combinations; and -

(F) means for communicating said latter confidence -
factors together with their corresponding abnor-
mal condition indication, tc an operator.

14. Apparatus according to claim 13 wherein:

(A) said monitoring means includes first and second |
temperature: detectors;

(B) said diagnostic computer means being operable to
test the condition of said detectors and if faulty, to
reduce the confidence in the existence of a signal

below, within or above said normal range.
% % #% - % i1
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